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Magnetically induced phase separation along the Curie temperature in the hexagonal-close-packed
phase of a Co–Mo binary system has been predicted by thermodynamic calculations. Furthermore,
the phase separation and magnetic properties of Co–Mo sputtered thin films have been investigated.
Nanoscale compositional fluctuation caused by the magnetically induced phase separation has been
confirmed in the films deposited on a heated substrate in the same manner as Co–Cr-based alloys.
The magnetic anisotropy constant of the Co–Mo films is larger than that of Co–Cr films. From these
results, it is concluded that the Co–Mo system is promising for use as a base alloy system for high
density recording media. © 2003 American Institute of Physics. @DOI: 10.1063/1.1597746#Co–Cr-based sputtered films are the current materials in
high-density longitudinal recording media,1 and are also con-
sidered the most promising perpendicular recording media.2
It is well known that the compositional fluctuation of Cr in
the films spontaneously develops during deposition on
heated substrates and has an important influence on their
recording characteristics. It has been pointed out that this
compositional fluctuation of Cr is caused by magnetically
induced phase separation in the ferromagnetic and paramag-
netic hexagonal-close-packed ~hcp! phases in the Co–Cr
phase diagram.3,4 In our previous work,5–8 thermodynamic
calculations of the magnetically induced phase separation in
Co–Cr-based systems have been conducted in order to dis-
cuss the relation between the effects of additive elements on
the phase separation and the recording media characteristics.
The calculation results suggest that the effects of additive
elements on Co–Cr-based recording media is closely related
to the stability of a magnetically induced gap in miscibility.
In the near future, achievable data densities of Co–Cr-
based recording media will be restricted by fundamental
physical phenomena such as bit instability due to superpara-
magnetism. Therefore, numerous materials including FePt
~Ref. 9! and CoPt ~Ref. 10! alloys films have been investi-
gated for next generation magnetic recording media. One of
the required principal magnetic properties is large magnetic
anisotropy to suppress superparamagnetic properties. Mag-
netic properties of Co–Mo sputtered thin films prepared at
room temperature have been reported in previous papers.11,12
However, the effect of the substrate temperature on the mag-
netic properties of Co–Mo thin films has not been reported
so far. In the present study, magnetically induced phase sepa-
ration in the Co–Mo binary system is predicted by thermo-
dynamic calculation, and the phase separation is confirmed
a!Electronic mail: k-oikawa@aist.go.jp9660003-6951/2003/83(5)/966/3/$20.00
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strates. In order to obtain a calculated phase diagram from
available thermodynamic data and recent experimental phase
diagrams, we evaluated the Gibbs energy of the Co–Mo sys-
tem by the calculation of phase diagrams ~CALPHAD!
approach.13 The molar Gibbs energy of face-centered-cubic
~fcc! and hcp phases is described by dividing it into the fol-
lowing magnetic (Gmag) and nonmagnetic contributions:
G5xCo
+ GCo1xMo
+ GMo1Gmag1@Gex2TSmix#nonmag,
where xCo and xMo are the atomic concentrations of Co and
Mo, respectively. +GCo and +GMo are the phase stability val-
ues of pure elements taken from a compilation by Dinsdale.14
The nonmagnetic term is described by a sub-regular solution
model. Smix is the ideal mixing entropy and T is the tempera-
ture. Gex is the excess free energy expressed by the Redlich–
Kister description.15 The magnetic contribution term to
Gibbs energy is expressed by the mathematical description
given by Hillert and Jarl.16
Co–Mo thin films were deposited by a rf magnetron
sputtering system with a base pressure of less than 5
31027 Torr and experiments were performed in order to
confirm phase separation in the films and to measure the
magnetocrystalline anisotropy energy ~MAE!. The crystal
structures were identified by x-ray diffraction ~XRD! with
Cu Ka radiation. The film compositions were determined by
an x-ray fluorescence technique, calibrated by bulk standard
samples. An analytical transmission electron microscope
~TEM! equipped with an energy dispersive x-ray analyzer
was used to investigate local compositions in the films. For
electron transparency, the films were thinned by ion milling
from the substrate side of the film after removing the sub-
strate. Each point analysis was conducted at 200 kV with a
spot size of 0.7 nm. The magnetic properties were measured
using a vibrating sample magnetometer.© 2003 American Institute of Physics
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the Co-rich portion of the Co–Mo system are shown in Fig.
1. The stable phase diagram is shown by the dashed lines. A
magnetically induced gap in the miscibility between ferro-
magnetic and paramagnetic fcc phases can be seen in the
Co-rich low-temperature side. Recently we have confirmed
using a diffusion couple technique that a bulk CoMo fcc
alloy exhibits phase separation associated with the miscibil-
ity gap.17 In the metastable phase diagram, the magnetically
induced phase separation of the hcp phase along the Curie
temperature is shown by the solid lines in Fig. 1. This phase
separation is compared with that of the Co–Cr system18 in
Fig. 2. The width and height of the phase separation of
Co–Mo are very similar to those of Co–Cr. From this result,
it is expected that the compositional fluctuation of Mo spon-
taneously develops during the deposition of Co–Mo thin
films on heated substrates analogous to Co–Cr-based thin
films.
A TEM bright-field image ~BFI! and the corresponding
selected area diffraction ~SAD! pattern of Co 9.0 at. % Mo
thin film with thickness of 200 nm deposited on an oxidized
Si substrate at 673 K are shown in Fig. 3. Clear contrast can
be observed in the BFI. It is confirmed that the bright area
exists along the grain boundary. The crystal structure of the
film is identified as a hcp (hP2) structure from the SAD and
also from the XRD patterns. No extra characteristic rings or
peaks for Co3Mo phase were clearly confirmed in these pat-
terns. The local composition at the numbered positions in
Fig. 3~a! was examined. The Mo composition markedly in-
FIG. 1. Calculated phase diagram of the Co–Mo system. The dashed and
solid lines indicate stable and metastable phase equilibria, respectively.
FIG. 2. Comparison of calculated metastable magnetically induced phase
separation of hcp phase of Co–Mo and Co–Cr ~Ref. 18! systems.
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positional fluctuation of Mo can be observed near the surface
of the film. The other side has a homogeneous composition
structure, indicating the homogeneous initial growth layer
observed in Co–Cr-based thin films.19
Magnetization curves of Co–Mo films at various tem-
peratures were examined to confirm the phase separation. Co
8.4 at. % Mo film with thickness of 81 nm was prepared on
the Cr underlayer with thickness of 62 nm deposited on an
oxidized Si substrate at 548 K. The crystal structure of the
Co–Mo film was identified as hcp. The magnetization curves
of the in-plane direction at 83 and 373 K are shown in Fig.
4~a!. The value of the coercivity is about 300 Oe. The tem-
perature dependence of the saturation magnetization M s is
shown in Fig. 4~b!. The value of M s decreases with an in-
crease in temperature and the slope of the curve changes at
around at 300 K. The results in Figs. 3 and 4 imply that two
hcp phases having similar lattice constant and different Curie
temperature coexist in the film. The difference in Curie tem-
perature could be caused by compositional fluctuation of Mo
in the film. Accordingly, the two-phase separation of hcp
phase along the metastable phase boundary shown in Fig.
2~b! takes place during deposition in the Co–Mo thin film
analogous to the Co–Cr system.3 However, the composition
of Mo in the Mo-rich phase is lower than that in the calcu-
lated phase diagram, in other words, phase separation of the
films is far different from the equilibrium state. For the
Co–Cr system, the Cr concentration in the Cr-rich phase of
thin films20 is close to that in the calculated phase diagram.18
This implies that phase separation of the Co–Cr film is close
to the equilibrium state. The kinetics of the phase separation
depend on not only diffusivity of the elements but also on the
elastic energy induced by the lattice misfit between two
phases. For example, the coherent interface is retained in the
FIG. 3. ~a! TEM bright-field image of a Co 9.0 at. % Mo film deposited at
673 K, ~b! the corresponding SAD pattern, and ~c! the local composition at
the numbered positions. AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp
968 Appl. Phys. Lett., Vol. 83, No. 5, 4 August 2003 Oikawa et al.coherent phase diagram and minimizes the total free
energy.21 The composition dependence of the lattice constant
of the Co–Cr alloy is very small, whereas that of the Co–Mo
alloy is large.11 This would bring about the different behav-
iors of the phase separation in the film. Strictly speaking,
however, it is expected that the phase separation behavior
also depends on deposition conditions, and hence further in-
vestigations are necessary for detailed discussion of the
phase separation in Co–Mo thin films.
In order to measure magnetic anisotropy constants K1
and K2 , a series of Co–Mo epitaxial films were prepared.
Sample preparation followed the same method reported in
our previous papers.22,23 The Cr~211! underlayer with thick-
ness of 70 nm and Co–Mo (101¯0) layer with thickness of 75
nm were epitaxially grown on MgO~110! at a substrate tem-
FIG. 4. ~a! Magnetization curves of a Co 8.4 at. % Mo film deposited at 548
K measured at 83 and 373 K and ~b! temperature dependence of the satu-
ration magnetization M s .
FIG. 5. Composition dependence of magnetic anisotropy constants K1 and
K2 of the Co–Mo film, together with those of Co–Cr film ~after Ref. 23!.Downloaded 15 Jul 2008 to 130.34.135.158. Redistribution subject toperature of 548 K. The crystallographic orientation was iden-
tified as MgO(110)@110#//Cr(211)@110#//Co–Mo(101¯0)
3@0001# . The values of K1 and K2 have been determined by
a well-known Sucksmith–Thompson method.24 The compo-
sition dependences of K1 and K2 are shown in Fig. 5, to-
gether with those of Co–Cr alloys.24 The values of K1 and
K2 of the Co–Mo films decrease with an increase in the Mo
composition. The value of K2 shows almost the same value
as that of Co–Cr thin films. It should be emphasized that K1
is two times larger than that of Co–Cr thin films.
In summary, thermodynamic calculation of the Co–Mo
phase diagram was performed and the magnetically induced
phase separation is predicted as being very similar to that in
the Co–Cr system. The phase separation of Co–Mo sput-
tered thin films prepared on heated substrate was investi-
gated. The compositional fluctuation of Mo in the films spon-
taneously develops during deposition. It is considered that
the fluctuation is caused by the magnetically induced phase
separation analogous to Co–Cr-based thin films. The mag-
netic anisotropy constant of the Co–Mo films is larger than
that of Co–Cr films, revealing that Co–Mo thin films are
promising as next generation magnetic recording media.
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